Dogroses represent an exceptional system for studying the effects of genome doubling and hybridization: their asymmetrical meiosis enables recombination in bi-parentally inherited chromosomes but prevents it in maternally inherited ones. We employed fluorescent in situ hybridization, genome skimming, amplicon sequencing of genomic and cDNA as well as conventional cloning of nuclear ribosomal DNA in two phylogenetically distinct pentaploid (2n = 5x = 35) species, Rosa canina and Rosa inodora, and their naturally occurring reciprocal hybrids, Rosa dumalis (5x) and Rosa agrestis (5x, 6x). Both progenitor species differed in composition, meiotic behaviour and expression of rDNA loci: R. canina (five 18S and 5-8 5S loci) was dominated by the Canina ribotypes, but R. inodora (four 18S loci and 7-8 5S loci) by the Rubiginosa ribotype. The co-localized 5S/18S loci occurred on either bivalent-forming (R. canina) or univalent-forming (R. inodora) chromosomes. Ribosomal DNA loci were additively inherited; however, the Canina ribotypes were dominantly expressed, even in genotypes with relatively low copy number of these genes. Moreover, we observed rDNA homogenization towards the paternally transmitted Canina ribotype in 6x R. agrestis. The here-observed variation in arrangement and composition of rDNA types between R. canina and R. inodora suggests the involvement of different genomes in bivalent formation. This results supports the hypothesis that the asymmetrical meiosis arose at least twice by independent ancient hybridization events.
INTRODUCTION
Polyploidy, or whole-genome duplication (WGD), plays an intriguing role in the evolution of higher plants (Simillion et al., 2002; Blanc and Wolfe, 2004) : even the tiny diploid genome of Arabidopsis thaliana hides traces of at least five WGDs that had occurred during angiosperm evolution (Jiao et al., 2011; Van de Peer, 2011) . Major achievements were also made in understanding more recent and direct consequences of polyploidy, which is often accompanied by hybridization and then termed allopolyploidy (Soltis and Soltis, 2009; Soltis et al., 2014) . The interference between doubled genomes originating from different progenitors can trigger a variety of immediate genomic and transcriptomic alterations ranging from chromosomal or gene loss, silencing, to sub-or neo-functionalization of homoeologues (Comai, 2005; Chen, 2007; Weiss-Schneeweiss et al., 2013) .
In allopolyploids, one of the best documented genetic objects are ribosomal DNA (rDNA) loci (Alvarez and Wendel, 2003; Nieto Feliner and Rosello, 2007) . They occur in homogenized high-copy number tandem arrays of either 18-5.8S-26S rRNA genes (hereafter referred to as 35S rDNA), cytologically recognized as nucleolar organizer region (NOR), or 5S rRNA genes (Hemleben and Zentgraf, 1994; Heslop-Harrison and Schwarzacher, 2011) . Ribosomal DNA loci respond to allopolyploidy at different levels, namely by physical losses or gains of loci (Zozomov a-Lihov a et al., 2014), differential homogenization of parental copies (Kova r ık et al., 2005; Adams, 2008) , evolution of hybrid-specific rDNA units (Kova r ık et al., 2004) or unchanged retention of parental copies (Sang et al., 1995) . Variation may also occur at the transcriptional level by differential silencing of parental units, also known as nucleolar dominance phenomenon (for review, see Neves et al., 2005) .
Rosaceae are among the top families prone to frequent polyploidization (Ellstrand et al., 1996; Vamosi and Dickinson, 2006; Xiang et al., 2016) , which affects also some of the most important polyploid crops and ornamentals (e.g. Fragaria L., Malus L., Rosa). The fate of rDNA loci has been documented in several polyploid rosaceous genera reporting either the persistence of progenitor rDNA loci regions, for example in Rubus L. Wang et al., 2015) and Sanguisorba L. (Mishima et al., 2002) , or frequent losses, for example in Fragaria (Liu and Davis, 2011) . In Rosa, one 35S rDNA locus per genome and several small 5S loci have been detected in diploid species (Ma et al., 1997; Fernandez-Romero et al., 2001; Lim et al., 2005; Kirov et al., 2016) . In most polyploids, including dogroses, 35S loci are completely retained. Ribosomal DNA sequences are exempted from concerted evolution in Rosa, qualifying them for characterization of progenitor genomes of the hybridogenic European dogroses [Rosa L. sect. Caninae (DC.) Ser.; Wissemann, 1999; Ritz et al., 2005] . The invariably polyploid dogroses contain several ribotypes of the nuclear ribosomal internal transcribed spacers (nrITS). According to Ritz et al. (2005) , several ribotypes were also found in diploid roses of other sections, but the unique Canina nrITS type was nearly absent in diploid species and, thus, probably traces a diploid ProtoCaninae genome.
Dogroses represent an extraordinary example of allopolyploidy in plants because of their unique mechanism of meiosis (canina-meiosis). They are hemisexual and predominantly pentaploid (2n = 5x = 35), with an unbalanced sexual reproduction generating monoploid pollen grains (1n = 1x = 7) and tri-to hexaploid egg cells (1n = 3-6x = 21-42) dependent on the somatic ploidy level ranging from tetra-to heptaploid (T€ ackholm, 1920 , 1922 Blackburn and Harrison, 1921; Blackburn, 1925; Pachl, 2011) . During meiosis only two sets of highly homologous chromosomes form bivalents, and these homologues are transmitted via male and female gametes (Nybom et al., 2004 (Nybom et al., , 2006 Lim et al., 2005; . In contrast, the remaining univalent-forming chromosome sets are exclusively transmitted to the egg cell. Phylogenies based on plastid markers imply a polyphyletic origin of dogroses because subsect. Caninae was separated from subsections Rubigineae Christ and Vestitae Christ approximately 6.3 million years ago (Bruneau et al., 2007; Fougere-Danezan et al., 2015; Zhu et al., 2015) . The high frequency of the Canina ribotype in pollen of several species implies that this ribotype is located on the bivalentforming chromosomes and, thus, is a marker for the ProtoCaninae genome (Kova r ık et al., 2008) . Expression studies on ribotypes were contradictory: ribotypes were additively transcribed in flower buds of Rosa canina L. , but leaves showed stable expression of the Canina type and frequent silencing of others (Khaitov a et al., 2010 (Khaitov a et al., , 2014 . These studies focussed either on established dogroses species or on synthetic hybrids; however, also ongoing spontaneous hybridization is frequent and contributes substantially to the diversity of extant dogroses (Schanzer and Vagina, 2007; Schanzer and Kutlunina, 2010; Ritz, 2014, 2017) . Expression patterns of anonymous markers (cDNA-AFLPs and MSAPs) in such a hybrid population were mostly additive, but also tissue-specific effects were observed (Vogt et al., 2015) .
Because our study organisms originated by ancient allopolyploidization but hybridization occurs frequently between extant species, we are able to investigate the effects of both events. Therefore, we studied natural reciprocal hybrids between different lineages, whose relationships were initially analysed by a previous microsatellite analysis (Herklotz and Ritz, 2014;  Figure 1 ). During the present study we aimed to address the following questions by applying a combined cytogenetic approach using fluorescent in situ hybridization (FISH), genome skimming as well as amplicon and conventional sequencing of genomic and cDNA of rDNA clusters. (i) Do the main lineages of dogroses differ in rDNA composition to support the hypothesis of their polyphyletic origin? (ii) Can the recombining and non-recombining chromosomes be distinguished by unique ribotypes in different dogrose lineages? (iii) What is the fate of parental rDNA loci after recent natural hybridization? To our best knowledge, no such comprehensive cytogenetic investigation of dogroses has been attempted so far, probably due to technical difficulties connected with mitotic and meiotic nuclei preparation and hampered identification of hybrids.
RESULTS

Cytogenetic difference between dogrose lineages and locus stability in their hybrids
The 2C DNA amount ranged from 2.8 to 2.9 pg in pentaploids, and was 3.4 pg in the 6x Rosa agrestis ( Figure S1 ; Table 1 ). The number of rDNA loci was determined in the two putative parental species (5x R. canina and 5x R. inodora) and three reciprocal hybrids (5x R. dumalis and 5x, 6x R. agrestis using dual FISH; Figure 2 ). In all species, the 18S sites (part of the 35S unit; green) were located distally, whilst the 5S sites (red) occurred at interstitial or proximal positions (Figure 2 ). We detected five 18S sites (four strong, one weak) in parental 5x R. canina (Figure 2a) . This plant also contained at least five 5S signals (four strong and one-three weak; depending on sample and metaphase; Figure S2a ). Three 5S sites co-localized (but did not overlap) with 18S signals ( Figure S2a ). The second putative parent, 5x R. inodora, showed four strong 18S rDNA sites, two of them co-localized with 5S sites (there were six-eight 5S loci in total; Figures 2b, S2b and S3b). The hybridogenic 5x R. dumalis contained two strong and three intermediate 18S sites (Figures 2c and S2c) . The 5S probe hybridized to at least four 5S sites (one strong, two intermediate and two-three weak sites). Signals of both probes were co-localized on two chromosomes. The reciprocal hybrid 5x R. agrestis harboured four strong 18S sites and at least six 5S sites (two strong and four-six weak 5S sites; Figures 2d and S2d). Two chromosomes contained 18S signals, which were co-localized with 5S sites (Figures 2d and S2d ). In the hybridogenic 6x R. agrestis, we observed five 18S loci, two of them co-localized with 5S sites (seven-eight 5S rDNA loci in total; Figures 2e and S2e).
In order to determine the distribution of rDNA markers on univalent-and bivalent-forming chromosomes, we analysed meiotic cells from R. canina and R. inodora microspores by rDNA FISH (Figures 3 and S3) . In both 5x parental species, seven bivalents and 21 univalent chromosomes were observed during diakinesis (meiotic phase I). In R. canina, two 18S signals were found on bivalents, three signals were observed on univalents (Figures 3a and S3a), but the fifth 18S was not visible in Figure 3 , which might be due to the small size of this locus preventing visualization in its partially decondensed state. The 5S probe hybridized to the same bivalent chromosomes as the 18S probe (indicating co-localization) plus four sites on univalents (Figures 3a and S3a) . In R. inodora, the 18S probe hybridized to two sites on bivalents and two sites on univalent chromosomes; the 5S probe hybridized to two sites on bivalents and five sites on univalents . Contrary to R. canina, the 5S and 18S signals did not co-localize on bivalent chromosomes, but the colocalized 5S/18S signals occurred on two univalents in this species.
Limited number of conserved ribotypes in dogroses
Haplotype networks constructed from genome skimming reads, genomic and transcriptomic amplicons and conventional clones revealed two major nrITS types: the Canina-I type and the Rubiginosa type (Figure 4a-d) . Additionally, analyses showed three to four minor nrITS types: the Canina-II and -III types closely related to Canina-I, the Gallica and the Rugosa type. However, the Canina-II type was
Figure 1. Genomic composition of three investigated reciprocal hybrids between R. inodora (subsect. Rubigineae) and R. canina (subsect. Caninae) according to Herklotz and Ritz (2014) : 5x R. agrestis originated by a 4x egg cell of R. inodora and a 1x sperm cell of R. canina, 6x R. agrestis was presumably formed by an unreduced 5x egg cell of R. inodora and a 1x sperm cell of R. canina; 5x R. dumalis originated by an 4x egg cell of R. canina and a 1x sperm cell of R. inodora. Because hybrids originated spontaneously, the hybrid formula indicates the parental species, the exact individual of the crossing is unknown. Hybrids were initially identified by a microsatellite analysis (Herklotz and Ritz, 2014 (a) 5x R. canina (parental species); (b) 5x R. inodora (parental species); (c) 5x R. dumalis (♀ R. canina 9 ♂ R. inodora); (d) 5x R. agrestis (♀ R. inodora 9 ♂ R. canina); (e) 6x R. agrestis (♀ R. inodora 9 ♂ R. canina). Scale bar: 10 lm.
missing in genome skimming data ( Figure 5a ). Compared with genome skimming, the frequency of unique haplotypes in the networks was higher in amplicon and conventional sequencing probably due to amplification biases in methods based on longer polymerase chain reaction (PCR) products ( Figure 4 ). The major nrITS-1 types were characterized by 11 polymorphic sites ( Figure S4 ; Table S1 ). Our population-level analysis of nrITS haplotypes carried out in R. canina revealed predominant Canina types in all 16 accessions collected across Central and Eastern Europe ( Figure S5 ). Non-Canina types were identified in nearly all accessions at variable frequency. Among these, the Rubiginosa type was found in 10 populations (62%), three populations (19%) contained the Gallica type but only one population (6%) comprised the Rugosa type.
Subsections and their reciprocal hybrids differ in ribotype composition and expression
Quantitative analyses of nrITS-1 amplicons were based on 2800-45 000 processed reads per replicate of gDNA and cDNA, respectively (Table S2) . After discarding haplotypes with frequencies lower than 1%, we detected up to five nrITS types per individual, and replicates of a sample were nearly identical (Figures S6 and S7) . Mean quantitative proportions of major haplotypes in the putative parental species and reciprocal hybrids as well as the number of conventional clones per nrITS-1 type are shown in Figures 5 and 6. The putative parental species R. canina and R. inodora differed substantially in representation of nrITS-1 types. Rosa canina was dominated by the Canina-I type in both genomic and cDNA sequences (Figure 5a ,b). The Rubiginosa type had a very low frequency (less than 1%) in amplicon reads of R. canina and, thus, is not represented in the large pie-chart of Figure 5 (a). This result is supported by genome skimming data ( Figure 4a ) but, in contrast, we identified five clones (36%) of the Rubiginosa type by conventional cloning in R. canina (Figure 5a : small pie-chart). However, sample size in conventional cloning was low. In contrast, R. inodora rDNA contained 93% Rubiginosa type nrITS-1, which was exclusively expressed (Figure 5c ,d). The 5x hybridogenic R. dumalis contained prevalently Canina-I type (62%) and Rubiginosa type (26%) units ( Figure 5e ). By cloning we sampled additionally the Rugosa type, which was not detected among the gDNA amplicons and was considered as a low copy haplotype in gDNA amplicons. Among the cDNA amplicons, the Canina-I type was most prevalent in R. dumalis (Figure 5f ). Unexpectedly, in the reciprocal hybrid 6x R. agrestis we detected a high proportion of the Canina-I type (53%), which was also highly expressed, but Rubiginosa type units were less represented at both genomic (24%) and expression (7%) levels (Figure 5g,h ). Although infrequent in gDNA amplicons, we detected the Rugosa and the Canina-II type in 6x R. agrestis by cloning (Figures 4d and 5g : small pie-chart). The hybridogenic 5x R. agrestis showed markedly different profiles than the 6x cytotype: the Rubiginosa type dominated rDNA (72%) while the Canina-I type occurred at low frequency (9%; Figure 6a ). Unfortunately, we were not able to produce cDNA amplicon NGS data in 5x R. agrestis; however, we were able to analyse the cDNA by conventional cloning. Sanger sequencing revealed nine clones of the Rubiginosa type and eight clones of the Canina-II type in 5x R. agrestis.
Rosa rubiginosa from Sweden was also dominated by the Rubiginosa type (73%) at the genomic level, but cloning of cDNA revealed a bias towards the Canina types in expression (Figure 6b ). In R. dumalis and 6x R. agrestis we detected few recombinant ribotypes sharing features of Canina-I and Canina-III, which originated probably by PCR recombination (Figure 4b ).
DISCUSSION
Here we investigated the fate of nrDNA loci in mitosis and meiosis in two distantly related dogrose species, R. canina and R. inodora and their natural hybrids. We found evidence for involvement of distinct NOR carrying chromosomes in meiotic pairing in R. canina and R. inodora supporting the hypothesis of an independent evolutionary origin of subsections Caninae and Rubigineae previously shown by plastid phylogenies Bruneau et al., 2007; Fougere-Danezan et al., 2015; Zhu et al., 2015) .
Stability of rDNA loci in reciprocal dogrose hybrids
Subsections did not differ in genome size (Table 1) and hybrids contained the expected numbers of chromosomes (Figure 2 ), reflecting the high genomic compatibility within the genus (Yokoya et al., 2000; Koopman et al., 2008; Roberts et al., 2009) . In 5x R. canina (subsect. Caninae) we detected five 18S signals (Figures 2a and S2a) , which is in accordance with the presence of one NOR per monoploid (1x = 7) genome in roses (Ma et al., 1997; FernandezRomero et al., 2001; Lim et al., 2005; Kirov et al., 2016) . In contrast, 5x R. inodora (subsect. Rubigineae) lacked one 18S signal and its rDNA copy number was lower compared with R. canina (Figures 2b and S2b; Table S2 ). This locus loss is obviously not characteristic for the entire subsection, because Khaitov a et al. (2014) found five, however heteromorphic, 18S signals in 5x R. rubiginosa. The reciprocal hybrids contained the expected number of 18S signals (Figures 2 and S2) . On the contrary, locus loss as an immediate response to hybridization was observed in the synthetic intersectional hybrid R. rubiginosa 9 R. hybrida (Khaitov a et al., 2014) . Gains or losses of rDNA loci are reported as consequences of allopolyploidy (Garcia et al., 2009; Weiss-Schneeweiss et al., 2012; Zozomov a-Lihov a et al., 2014) , and were more frequently observed in synthetic hybrids than in their naturally occurring counterparts in some species (Kova r ık et al., 2004; Pontes et al., 2004; Malinsk a et al., 2010) .
Major lineages of dogroses differ in ribotype composition
As in previous studies , the number of major nrITS-1 types corresponds to the number of 35S rDNA loci (Figures 2 and S2) , and the percentage of all low-frequency haplotypes in amplicon sequencing was approximately 20% (Figures S6 and S7 ). Subsections differed substantially in their genomic composition and transcription of ribotypes (Figures 5 and 6 ). The predominance of Canina type copies in R. canina was also reflected by our screening across European populations of R. canina ( Figure S5 ). Within-species variation of ribosomal DNA composition is probably lower in these woody hemisexual perennials compared with populations of the sexual annual A. thaliana, which exhibits substantial variation between accessions (Rabanal et al., 2017) . The proportion of the Canina types increased in 5x R. agrestis (22%; Figure 6a ) in comparison to the maternal species R. inodora (6%; Figure 5c ). Thus, the Canina types were assumingly located on the bivalent-forming chromosomes in the pollen grain of R. canina. The Rugosa type was barely represented in R. dumalis (Figures 4a,d and 5e: small pie-chart), although it was expected to be transmitted by the egg cell of R. canina (Figure 5a ). This may be explained by small intra-population differences in the composition of non-Canina nrITS-1 fraction ( Figure S5 ). The 6x R. agrestis, which is presumed to have originated by an unreduced egg cell of R. inodora and a monoploid pollen grain of R. canina (Figure 1) , contained an unexpected high proportion of Canina types in genomic amplicons (Figure 5g ). In this cytotype, the maternal Rubiginosa type has probably been converted into the Canina types transmitted by the pollen grain. Directional reduction of rDNA copies (though incomplete) has been observed in Tragopogon hybrids after a few generations only (Malinsk a et al., 2010) , suggesting that the inter-locus homogenization process is gradual and that a complete reconstruction of a megabase-size locus probably requires longer evolutionary times. Hexaploid hybrids with Rubigineae maternal parents were frequently observed in natural populations, and obviously originated de novo in each population and are supposed to be favoured by selection (Herklotz and Ritz, 2017) . We assume that after entering a hybrid the Canina types start to dominate the rDNA copies by directed homogenization.
The Rubiginosa type was most frequently sampled in gDNA amplicons and exclusively expressed in R. inodora (Figures 4a,c and 5c,d) , and it was also highly represented in gDNA amplicons of R. rubiginosa (Figure 6b ; Kova r ık (Figure 5e ), the Rubiginosa type occurred on bivalentforming chromosomes of the pollen donor R. inodora. This is unexpected because the Canina types were highly frequent in pollen grains of several dogroses, including R. rubiginosa (Kova r ık et al., 2008).
Epigenetic silencing of rDNA in Caninae allopolyploids
Transcription patterns in most dogrose species were biased towards the Canina types (Figures 5 and 6 ). In both German ( Figure S2a ) and English there are too few genes in epigenetically favoured Canina type loci. A similar phenomenon was observed in studies of rDNA macromutation in Tragopogon allopolyploids (Dobe sov a et al., 2015).
Distribution of rDNA markers suggests involvement of distinct pairing chromosomes in R. canina and R. inodora meiosis
In both English and German (this study) populations of R. canina, the co-localized 18S and 5S loci occur on bivalent chromosomes while the univalent genomes harbour these loci on separate chromosomes (Figures 3a , 7 and S3a), suggesting that this meiotic arrangement of rDNA loci might be a typical feature of R. canina meiosis. Additionally, the relatively uniform distribution of nrITS families across European populations (Figure S5 ) is in line with this hypothesis. Strikingly, in R. inodora, 18S and 5S loci occurred on separate bivalent chromosomes, while the chromosomes with co-localized 18S/5S signals were found on univalents (Figures 3b, 7 and S3b-e). This finding is also supported by observations in the hybridogenic R. dumalis, which contained two chromosomes with co-localized signals (two of three from the maternal parent R. canina; Figures 2c, 7 and S2c). The reciprocal (with respect to R. dumalis) hybrids 5x and 6x R. agrestis should have inherited three co-localized 18S/5S loci: one from the bivalent-forming chromosome of the R. canina pollen and two from the univalents of the R. inodora egg cell. However, both hybrids contained only two chromosomes with co-localized 18S/5S loci (Figures 2d, e, 7 and S2d, e) . It is thus likely that the paternal parent of R. agrestis transmitted a chromosome with a single 18S locus, which belonged to the univalent-forming chromosomes. This result is in line with the microsatellite data because both individuals of R. agrestis harboured paternal alleles that were not in two copies (and thus likely on bivalents) in R. canina (Herklotz and Ritz, 2014) . Alternatively, the third chromosome with co-localized 18S/5S signals carried only a low copy 5S locus that escaped cytogenetic detection. Further research is needed to determine whether pollen grains may occasionally contain complete sets of univalents (Figure 7b ) or if the sets are mixed, perhaps, due to compensated aneuploidy ( Figure 7c ) as shown in Tragopogon (Chester et al., 2012) . Moreover, a recent study demonstrated by constructing an ultra-high-density linkage map of the 4x Rosa hybrida that pairing affinities of chromosomes turned out to be variable, even along chromosome arms (Bourke et al., 2017) . The unexpected structural differences in bivalent-forming chromosomes together with the differential composition of rDNA types between subsect. Caninae and Rubigineae allow us to make two conclusions. (i) In contrast to previous assumptions (Nybom et al., 2006; Kova r ık et al., 2008) , the Canina type chromosomes may not always form the bivalents in meiosis, but also other chromosome types (Rubiginosa type) may be involved in pairing. (ii) The Canina type chromosomes (at least those bearing rDNA markers) may also form univalents in some species. Overall, these findings support the phylogenetic hypothesis of an independent evolutionary origin of subsections Caninae and Rubigineae previously shown by plastid phylogenies Bruneau et al., 2007; Fougere-Danezan et al., 2015; Zhu et al., 2015) . We therefore hypothesize that the two major lineages of dogroses originated by reciprocal crossing between Rubigineae and Caninae ancestors followed by an independent origin of the canina-meiosis with either Rubiginosa type or Canina type chromosomes forming bivalents and the subsequent incorporation of non-dogrose genomes into both lineages ( Figure S8 ).
EXPERIMENTAL PROCEDURES Plant material
We investigated a natural mixed stand of dogroses (WGS84: 51.1732°; 14.6271°; Weißenberg, Saxony, Germany) comprising several species of subsections Rubigineae and Caninae. Morphological discrimination between subsections is straightforward because of the presence of viscid glands in subsect. Rubigineae. Within each subsection several micro-species are distinguished by fruit characters (Henker, 2000) . Previous studies at the site revealed that some micro-species represent spontaneous F1-hybrids between subsections (Herklotz and Ritz, 2014; Vogt et al., 2015) . In this study we analysed three hybrid plants: one 5x (2n = 5x = 35) individual of R. dumalis Bechst. (♀ subsect. Caninae 9 ♂ subsect. Rubigineae; voucher: GLM49831); one 5x plant of R. agrestis Savi (♀ subsect. Rubigineae 9 ♂ subsect. Caninae; voucher: GLM49831); and one 6x (2n = 6x = 42) plant of R. agrestis (♀ subsect. Rubigineae 9 ♂ subsect. Caninae; voucher: GLM49598; Figure 1 ). Additionally, we investigated two plants of parental species R. inodora Fr. (subsect. Rubigineae; voucher: GLM49596, GLM49592 for meiosis only) and one of R. canina (subsect. Caninae; voucher: GLM12396), respectively. These individuals had similar microsatellite patterns corresponding to the proposed parental constitution of the hybrids (Herklotz and Ritz, 2014) , but were probably not the exact parents of the hybrids. Additionally, we analysed R. rubiginosa L. (subsect. Rubigineae voucher: 1408; Swedish University of Agricultural Science, Balsg ard, Sweden; see also Kova r ık et al., 2008).
FISH
Mitotic metaphases were obtained from meristematic tissue of root tips or pistils of young flower buds collected during spring 2014 and 2016. Thin-branched roots of plants were excavated and wrapped into geotextiles, watered and covered with soil for 3 weeks. Mitotic active material was sampled in the early morning and transported in ice water to the laboratory. Pre-treatment and fixation followed the protocol of Ma et al. (1996) . Root tips and flower buds were incubated for 4 h at 25°C in a solution consisting of 0.008 M 8-hydroxyquinoline and 0.1% colchicine, and fixed in acetone/acetic acid (2:1) with 2% polyvinylpyrrolidone 40 000. Samples were conserved in 70% ethanol and stored at À20°C. Preparation of meiotic chromosomes from microspores followed Lim et al. (2005) . Fluorescence in situ hybridization followed Lim et al. (2005) . Protoplasts were obtained by enzymatic treatment for 30 min with Figure 7 . Schematic overview of chromosomal composition of investigated parental species and hybrids. Detected rDNA loci are presented as green (18S locus) and red (co-localized 5S locus; additional single 5S loci are not presented) circles on chromosomes. The parental species R. inodora (subsect. Rubigineae) and R. canina (subsect. Caninae) contain two sets of bivalent-forming chromosomes (grey with two single 18S loci and white with two co-localized 18S/5S loci, respectively) and three sets of univalent-forming chromosomes each (yellow in R. inodora and blue in R. canina). The 5x hybrid R. dumalis originated from a reduced egg cell of R. canina (one bivalent-forming and three univalent-forming chromosome sets) and a 1x sperm cell of R. inodora (one bivalent-forming set), and contained the expected composition of rDNA signals. The reciprocal hybrids 5x, 6x R. agrestis originated from reduced 4x egg cell or an unreduced 5x egg cell of R. inodora, respectively, and a 1x sperm cell of R. canina. Both R. agrestis hybrids lacked one co-localized 18S/5S locus, which is expected to be transmitted by the pollen grain of R. canina (a). Instead, they contained an additional single 18S locus (black chromosome). This pattern in the hybrids might have arisen by a pollen grain of R. canina containing either a complete set of univalents (b), or a mixture of univalent-and bivalent-forming chromosomes (c).
1% cellulase, 0.2% pectolyase Y23, 0.5% hemi-cellulase and 0.5% macerozym R10 (Sigma-Aldrich, USA) in enzyme buffer (0.04 M citric acid and 0.06 M sodium citrate), and afterwards incubated in citric buffer for 2-3 h. Enzyme incubation for anther tissue was prolonged up to 1.5 h. Root tips were dissected and squashed on slides in a drop of 60% acetic acid. The 18S nrDNA probe was amplified from a pBluescript vector (GenBank X52328) containing a 1.7-kb EcoRI restriction fragment of the 18S nrRNA gene of Solanum lycopersicum L. (Kiss et al., 1989; accession number: X51576) . The 5S nrDNA probe was a 0.472-kb insert of the pATr_5S_S3 clone (accession number: JX101915) containing three copies of 5S rRNA genes from Artemisia tridentata Nutt. (Garcia et al., 2012) . The rDNA probes were labelled by nick translation using spectrum green dUTPs (Abbott, USA) for 18S rDNA, and Cy3-dUTPs (Roche, Switzerland) for 5S rDNA, respectively. Slide preparation and hybridization followed standard protocols (Schwarzacher and Heslop-Harrison, 2000) . Chromosomes were counterstained with 1 lg mL À1 DAPI (4 0 ,6-diamidino-2-phenylindole) diluted in mounting medium for fluorescence (Vectashield, Vector Laboratories, UK). The slides were scanned using epifluorescence microscopes (Olympus Provis AX70, Nikon ECLIPSE Ci) with either an AxioCam MRm CCD (Weiss, Germany) or a Nikon DS-Qi2 camera (Nikon, Germany), respectively. Imaging softwares were ISIS (MetaSystems, Germany) and NIS-Elements BR (v 4.50, Nikon, Germany). All images were optimized for contrast and brightness with Adobe Photoshop version 11.0.
Genome size estimation
Flow cytometry was performed by a slightly modified protocol of Yokoya et al. (2000) . Five plants with verified known genome sizes were used as calibration standards, and Petroselinum crispum (Mill.) Nyman was used as internal standard ( Figure S1 ). Fluorescence intensity was measured with a CyFlow Ploidy Analyzer (Partec, Germany) equipped with a Argon laser source (488 nm wavelength). The ratios of fluorescence intensities were estimated on the means of five replicates with a minimum of 10 000 nuclei giving peaks with a coefficient of variation less than 7.6%. Primary data were analysed with the software Cyflogic v. 1.2.1 (Cyflo, Finland). The 1C genome sizes (Mbp) of the five investigated roses were calculated by the formula provided by Dole zel et al. (2003;  Figure S1 ).
Nucleic acid isolation and cDNA synthesis
Genomic DNA was extracted from silica-gel dried leaflets according to Dumolin et al. (1995) . For RNA isolation leaves from young shoots were sampled in the morning and immediately frozen in liquid nitrogen. We followed a modified protocol of the RNeasy Plant Mini Kit (Qiagen) according to Dhanaraj et al. (2004) . Additionally, we performed a centrifugation step with 200 lL Roti â -C/I (Carl Roth, Karlsruhe, Germany) and proceeded with the transfer of the supernatant to the shredder column. Reverse transcription and synthesis of double-stranded cDNA were performed using RevertAid H Minus First Strand cDNA synthesis kit and a random hexamer primer (Thermo Scientific, Germany). For each investigated individual, three technical replicates of RNA extraction and subsequent cDNA synthesis were carried out.
Conventional cloning and sequencing
For the amplification of nrITS-1 we used a 12.5 lL reaction mixture consisting of~50 ng template DNA, 1 lL reaction buffer S (Peqlab, Germany), 5 lM of each primer (ITS2 and ITS5 taken from White et al., 1990) , 0.16 mM of each dNTP, 2 mM additional MgCl 2 , 1 lL dimethylsulphoxide and 0.5 units of Taq polymerase (Peqlab).
Cycling conditions were 94°C for 120 sec; 33 cycles of 94°C for 30 sec, 50°C for 90 sec, 72°C for 90 sec; and 72°C for 180 sec. For each sample we performed four PCR replicates and pooled them to a final volume of 50 lL. The pooled PCR products were purified using peqGold gel extraction kit (Peqlab) according the user's manual. We cloned the products into a pJET1.2 vector (CloneJET PCR cloning kit, Thermo Scientific) and sequenced the insert of 14-24 clones per individual using the primer ITS5 on an ABI3730 automated sequencer (Life Technology, Germany) at the Senckenberg Biodiversity and Climate Research Centre in Frankfurt/Main (Germany). The multiple alignment was adjusted by eye with the software Bioedit v.7.2.5 (Hall, 1999) . Obtained sequences were trimmed to a variable 70-bp sub-region of nrITS-1 (clone FM164424 from Rosa canina) containing >90% of known highly polymorphic sites in Rosa ( Figure S4 ; Table S1 ; Ritz et al., 2005; Kova r ık et al., 2008) . Identification and graphical display of the haplotypes including the previously published consensus sequences were performed with TCS networks (Clement et al., 2002) implemented in PopART (Leigh and Bryant, 2015) . Naming of haplotypes followed the consensus sequences referring to the progenitor genomes of allopolyploid dogroses . Additional BLAST searches using the nrITS-1 consensus sequences obtained from this study as query returned a high number of Rosa sequences (both dogrose and 'non-dogrose' species). The results of Ritz et al. (2005) were confirmed in most cases: the Canina ribotypes were vastly dominated by sequences from sect. Caninae (dogroses); the Rugosa type and the Gallica type contained sequences of sect. Caninae and other sections. However, for the Woodsii type , most frequent hits were obtained with nrITS-1 clones from sect. Caninae subsect. Rubigineae, and only few sequences of 'non-dogrose' origin matched (only one of four available accessions of Rosa woodsii Lindl.; sect. Rosa). Thus, we renamed this ribotype Rubiginosa type according to the type of species of the subsection; it is identical to the ɣ-ITS type in previous reports on dogroses (Kova r ık et al., 2008; Khaitov a et al., 2010) . To analyse the variability of frequencies of nrITS types within R. canina, we sequenced 4-19 conventional clones of nrITS-1 of 16 accessions of R. canina across Central Europe following the methods described above ( Figure S5 , sampling details are given in Herklotz and Ritz, 2017) .
Genome skimming
We carried out genome skimming for one individual of each R. canina, R. inodora and R. dumalis, respectively (specimen vouchers: GLM12396, GLM49596, GLM49831). Illumina Reads (HiSeq 2500 platform, 2 9 125 bp) representing~19 coverage of each genome were trimmed for unambiguities (no 'Ns' allowed) and size (reads below 125 bp were discarded) using tools implemented within CLC Genomics Workbench (Qiagen). For each genome stand-alone BLAST libraries were created. The variable 70-bp central part of nrITS-1 ( Figure S4 ) was selected as a reference, and was BLASTed against the libraries and extracted sequences trimmed for the same 70-bp lengths. This procedure has generated several thousand nrITS-1 reads. A multiple alignment and thereafter a haplotype network (see above) was created based on 50 randomly sampled reads per individual plus the above-mentioned consensus sequences.
The number of 35S rDNA gene copies (Table S2) 
Amplicon sequencing
To estimate the frequency of nrITS haplotypes in the genome and the transcriptome, we performed amplicon sequencing with Illumina technology (Bentley et al., 2008) . According to the procedure described above, amplification of nrITS-1 was done from gDNA and cDNA for two parental plants and three hybrids with three technical replicates per individual (separate DNA and RNA extractions; specimen vouchers, see above). The nrITS-1 of R. rubiginosa was amplified with one replicate using primers from Maty a sek et al. (2012) . Primers were equipped with a tag of three nucleotides at the 5 0 end, thus each amplicon was labelled by an individual combination of a tagged forward and reverse primer (Table S3) . Amplicons were quality checked and quantified using Agilent's Bioanalyzer 2100 in combination with the DNA 7500 kit (Agilent Technologies, Waldbronn, Germany). All amplicons were pooled in an equimolar manner and introduced into library preparation using Illumina's truSeq DNA PCR-Free Library Preparation Kit (Illumina, San Diego, USA). The procedure followed the manufacturer's description, except: (i) the pool of amplicons was not fragmented; and (ii) 100 ng of pooled amplicons was used. The library was quality checked and quantified as described above. Sequencing was done using a MiSeq machine in 300-bp paired-end mode. The reads were extracted in FastQ format by the MiSeq Control Software MCS v2.4.1.3. The number of reads and basic statistics are given in Table S2 . Based on the tags introduced during the amplification, the reads were de-multiplexed using an in-house script. Pairs of reads were joined using clc_overlap_reads (CLC assembly cell, Qiagen) in order to obtain pseudo-reads of better quality. For further analysis we used only the above-mentioned sub-region of 70 bp (referred to as processed reads). For each sample processed, reads were extracted as FASTA format. Multiple alignments and haplotype networks (see above) based on genomic and cDNA amplicons, respectively, were restricted to 60 randomly sampled processed reads per individual (20 processed reads per technical replicate, except for the non-replicated genomic sequences of R. rubiginosa).
For quantitative analysis we counted the number of haplotypes from 'all' processed reads per replicate, and calculated means of the percentages of haplotypes per sample. To reduce noise we discarded haplotypes with processed read numbers less than 1% per replicate.
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